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15. Supplementary Notes 

Related information is to be found in the four technical reports NASA CR-1 12235, -6, -7 
which were prepared under the same NASA Langley contract governing this summary report. 
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This report was prepared by the Douglas Aircraft Company, McDonnell 
Douglas Corporation, Long Beach, California under the terms of Contract NAS1- 
11234. One summary report (NASA CR 2218) and four technical reports (NASA CR 
112235, -6, -7, and -8) cover the work, which was performed between November 
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ANALYSIS AND DESIGN OF ADVANCED COMPOSITE BONDED JOINTS 
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In realizing the full potential of the advanced composites (boron and 
graphite) in lightweight aircraft structures, it is particularly important to 
ensure that the joints, either bonded or bolted, do not impose a reduced effi- 
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practice for reliability to aim for a potential adhesive strength significantly 
in excess of that of the adherends being joined. 
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ployed for thicker sections. 

Second, and this cannot be avoided for scarf joints either, there is the 
influence of adherend stiffness imbalance, shown in Figure 2. The adhesive 
shear strains are intensified at the end from which the softer (less stiff) 
aHhprpnH py+pnrk This same end is critical whether the shear load be tensile 
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Having recognized the need for representing the adhesive non-linear beha- 
vior and accepted the use of the elastic-plastic characterization for the math- 
ematical model, there remains the need to define the mathematical model in terms 
of the actual characteristic. The process adopted here and the justifications 
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boundary conditions satisfied at the elastic-to-plastic transition(s) and at 
the joint extremities. The computer program developed for the solution is 
listed in Reference 2. The complete non-dimensional ized solution for balanced 
double-lap joints is depicted in Figure 11, in which the ordinate defines the 
joint strength and the abscissa the joint overlap. Large increases in joint 




defined by the simple relation 
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which is independent of the total overlap. The greater the adhesive plasti- 
city, the greater is the extent of the plastic end zones. The maximum adhesive 
shear stresses and strains are identical for each of the configurations A, B 


Returning to equation (1), in order to explain the significance of the 
adhesive strain energy in shear, re-arrangement leads to the explicit expression 
for the maximum shear load transferable as 
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The equations above have been restricted to balanced joints in order to 
illustrate the effects of adhesive plasticity on the predicted joint strengths. 
When the effects of dissimilar adherends are included in the analysis, the pre- 
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In the general case of unbalanced adherends in a double-lap joint, the 
theory predicts that the more critical end of the joint may not be identifiable 
by inspection and that the maximum possible bond shear strength for a given set 
of adherends is specified by the lesser of the following pair of equations. 
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Figure 19 includes only the effective plastic zones (the first term). 

The limited shear transfer capability of bonded joints between adherends 
in excess of some thickness (dependent upon the materials and geometry) is well 
recognized. However, for still thicker adherends, the failure is initiated by 
peel forces rather than shear forces in the adhesive. A solution (Reference 2), 



based on assumed elastic peel characteristics of the adhesive is shown in Figure 
20 in non-dimensional ized form. The explicit solution for the peel stress as a 
function of the peak bond stress is 
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A power series solution for scarf joints was derived in Reference 4, which 
employs a recurrence formula for high order terms, witn the first two terms in 
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Because the scarf joint analysis is governed by a differential equation 
having variable coefficients instead of the linear ones for lap joints, the 
influence of overlap on the potential shear strength of the bonds is different. 
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Not all practical adhesive -bonded joints fit precisely into one of the 
classical configurations discussed above. Reference 5 is devoted to some of 
these non-classical types and includes such structures as multi -cell torsion 
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of the doubler. In order to minimize this, the doubler is usually made 
only approximately 60 percent as thick as the skin. The problem is analogous 
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primary cause of failure for most uniform lap joints. These previously unex- 
plained scaling phenomena (see Reference 18) are now seen to be quite simply 
the consequence of maintaining a constant bond-line thickness with joints of 
different size. 
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Plasticized adhesives 41-55 (m/m 2 ) 0.25-0.76 (mm) 

[450 K (350° F) cure] 6-8,000 (psi) 0.010-0.030 (in.) 

Plasticized adhesives 28-41 (MN/m 2 ) 0.25-0.51 (mm) 

[394 K (250°F) cure] 4-6,000 (psi) 0.010-0.020 (in.) 
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TABLE 2. - MATERIAL PROPERTIES FOR FIGURES 23, 24 AND 55 



(0°) unidirectional laminate: 


e£ = 145 GN/m 2 (21.0xl0 6 psi), Ejj = 12 GN/m 2 (1.7xl0 6 psi), 

F^ u = 124 MN/m 2 (180 ksi), F^ u = 55 MN/m 2 (8 ksi), 

(in which the subscript N refers to properties in the thickness direction). 
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FIGURE 19. THEORETICAL BOND STRENGTHS 
AND MINIMUM OVERLAPS FOR 
DOUBLE-LAP BONDED JOINTS 
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MAXIMUM ADHEREND STRESS 





FAILURE OF SINGLE-LAP BONDED FIGURE 28 . EFFECT OF ADHEREND STIFFNESS 
JOINTS WITH BRITTLE AND IMBALANCE ON STRENGTH OF 

YIELDING ADHERENDS SINGLE-LAP BONDED JOINTS 
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FIGURE 33. COMPARISON BETWEEN THEORY FIGURE 34. COMPARISON BETWEEN THEORY 

AND EXPERIMENT FOR SINGLE-LAP AND EXPERIMENT FOR SINGLE-LAP 

JOINTS (ALUMINUM ADHERENDS BONDED JOINTS USING COMPOSITE 

OF DIFFERENT THICKNESSES ADHERENDS 




FIGURE 36. EFFECT OF ADHEREND STIFFNESS 
FIGURE 35. PEEL STRESSES IN BALANCED IMBALANCE ON PEEL STRESSES 

SINGLE-LAP JOINTS IN SINGLE-LAP JOINTS 
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FIGURE 39. EFFECT OF ADHEREND STIFFNESS FIGURE 40. EFFECT OF ADHEREND THERMAL 
IMBALANCE ON ELASTIC STRENGTH MISMATCH ON ELASTIC STRENGTH 

OF BONDED SCARF JOINTS OF BONDED SCARF JOINTS 
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THERMALLY-MISMATCHED LAP JOINTS 

SCARF JOINTS 






(0°/ ± 45°/90°) HTS GRAPHITE-EPOXY 







FIGURE 51. SELECTIVE REINFORCEMENT OF FIGURE 52. BONDED METAL DOUBLERS 

METAL STRUCTURE BY BONDED AROUND BOLT HOLE IN 

ADVANCED COMPOSITES COMPOSITES 
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FIGURE 56. INFLUENCE OF JOINT SIZE ON 

SELECTION OF JOINT CONFIGURATION 
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FIGURE 61. GOOD AND POOR DESIGN FIGURE 62. PROBLEMS WITH SCALE-UP OF 

PRACTICE FOR STEPPED-LAP BONDED JOINT STRENGTHS 

BONDED JOINTS 


ADHEREND TENSILE FAILURE 








